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Abstract
Alternative renormalizable minimal non-SUSY SO(10) GUT model is proposed.
Instead of a 126-dimensional Higgs field, a 120-dimensional Higgs filed is introduced
in addition to a 10-dimensional Higgs field and plays a crucial role to reproduce the
realistic charged fermion mass matrices. With contributions of 120 Higgs field, the
original Witten’s scenario of inducing the right-handed Majorana neutrino mass
through 2-loop diagrams becomes phenomenologically viable. This model inherits
the nice features of the conventional renormalizable minimal SO(10) GUT model
with 10+126 Higgs fields, while supplemented with a low scale seesaw mechanism
due to the 2-loop induced right-handed Majorana neutrino mass.
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1 Introduction
The great experimental achievements in the recent years, such as the Higgs discovery
at the LHC [1] and the measurement of the θ13 neutrino mixing angle [2] in leptonic
mass matrix [3] can fill the piece of the flavor puzzle and impose a test to the bunch of
flavor models. The supersymmetric grand unified theory (SUSY GUT) can provide the
most promising framework to incorporate these vast data systematically and consistently.
Among many candidates, SO(10) [4] is the smallest simple gauge group under which the
entire Standard Model (SM) matter contents of each generation are unified into a single
anomaly-free irreducible representation of 16. The 16-dimensional spinor representation
of the SO(10) gauge group includes the right-handed neutrino but no other exotic matter
particles.
A particular attention has been paid to the renormalizable minimal SO(10) model,
where two Higgs multiplets of {10 ⊕ 126}-representations are utilized for the Yukawa
couplings with the matter fields [5]. The Yukawa couplings to 10 and 126 Higgs fields can
reproduce realistic charged fermion mass matrices using their phases thoroughly [6, 7, 8].
Furthermore, in the minimal SUSY SO(10) model, the renormalizability enables us to
construct a superpotential which guides us to the symmetry breaking pattern from the
GUT to the SM [9, 10] with additional 126 and 210-dimensional Higgs fields.
In spite of these nice features, there are deep-rooted opposition to the use of higher
dimensional Higgs field like a 126 representation. One of the main undesirable feature of
this approach is that contributions of such higher dimensional Higgs multiplets to the beta
function of the GUT gauge coupling are huge and as a result, the GUT gauge coupling
constant very quickly blows up to infinity in its renormalization group (RG) evolution
soon after the unification scale (MG). For example, in the model with a set of Higgs
representations, 10⊕ 126⊕ 126⊕ 210, the coupling constant diverges at 4.2×MG. We
cannot accept this claim literally since there appear new elements like extra dimensions
at around MG and such naive estimation may not be valid [11]. However, unless the
precedent minimal SO(10) models are fully satisfactory in all directions, it is important
to consider possible alternative candidates reserving the fundamental concepts such as
minimality and renormalizability.
In non-SUSY case, there is no severe restriction on adopting higher dimensional
Higgs fields like 126. However, in this letter, we try to reproduce the effective 126
coupling from loop corrections, which is impossible in the SUSY case because of the non-
renormalization theorem [12] for the superpotnetial. This was first discussed by Witten
[13] but found incomplete and unsuccessful in phenomenological point of view. In this
1
paper, we reconsider this direction more in detail and shed a new light on a low scale
seesaw in the context of the GUT.
This paper is organized as follows: In the next section, we review the renormalizable
minimal SUSY SO(10) GUT and its nice features. Keeping these features as much as
possible, we construct an alternative minimal non-SUSY GUT in Section 3. The last
section is devoted for conclusions.
2 Renormalizable Minimal SUSY SO(10) GUT
We briefly review the renormalizable minimal SUSY SO(10) GUTmodel (minimal SO(10)
model) in order to compare it with the alternative non-SUSY one that we will propose
in the next section. The SM fermion fields are described by a single 16-dimensional
representation in each generation, and the representation of its bilinear is decomposed as
16⊗ 16 = 10⊕ 120⊕ 126. (1)
Hence, Higgs fields are constrained to be in 10, 120 and 126 representations to make
singlets in Yukawa couplings. Since a single 10 Higgs field cannot realize the flavor
mixing matrix, at least one more Higgs field needs to be introduced. For realistic fermion
mass matrices, it is essential to introduce a 126-dimensional Higgs field. Since the 126-
dimensional Higgs field includes (10, 3, 1)⊕(10, 1, 3) under the subgroupG422 = SU(4)C×
SU(2)L×SU(2)R, they play essential roles for generating Majorana masses for left-handed
and heavy right-handed neutrinos, respectively.
The Yukawa coupling in the minimal SO(10) GUT is given by
WY = Y
ij
1016i10H16j + Y
ij
12616i126H16j, (2)
where i, j are the generation indices. The 10H and 126H Higgs fields include a pair of
Higgs doublet fields, respectively. With vacuum expectation values (VEVs) of these four
Higgs doublets, the fermion mass matrices at MG are described as
Mu = c10M10 + c126M126, Md =M10 +M126,
MD = c10M10 − 3c126M126, Me =M10 − 3M126, (3)
MR = cRM126, ML = cLM126,
where c10, c126, cR, and cL are complex numbers. Here, Mu, Md, MD, Me, MR, and
ML are mass matrices of up-type quarks, down-type quarks, Dirac neutrinos, charged
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IRREP 10 16 45 54 120 126 210
l/2 1 2 8 12 28 35 56
Table 1: List of the Dynkin index for SO(10) irreducible representations up to the 210
dimensional one.
leptons, right-handed Majorana neutrinos, and left-handed Majorana neutrinos, respec-
tively. Through a combination of type I [14] and type II [15] seesaw mechanism, the light
neutrino mass matrix is given by
Mν =ML −M
T
DM
−1
R MD. (4)
Thus, all matter mass matrices, including the seesaw mechanism ingredients, are given
by the two symmetric mass matrices M10 and M126. This is the reason why this model
is very predictive for the fermion mass matrices. These mass formulas are realized at the
GUT scale and the data-fitting is performed after all low energy data of fermion mass
matrices are extrapolated to the GUT scale by the RG equations.
3 Alternative Renormalizable Minimal SO(10) GUT
The requirement that the SO(10) gauge coupling constant remains perturbative up to, say,
the Planck scale imposes severe constraint on the set of matter and Higgs representations
we can introduce. To derive this constraint, we employ the RG evolution of the GUT
gauge coupling at the 1-loop level,
1
αG(µ)
=
1
αG(MG)
−
b
2π
log
(
µ
MG
)
, (5)
where αG is the unified gauge coupling, b = −bgauge + bmatter + bHiggs is the beta function
coefficient from the contributions due to gauge, matter, and Higgs loops, respectively.
In the SUSY case, each chiral multiplet contributes l/2 to b, and each vector (gauge)
multiplet contribute 3l/2, where l is the Dynkin index of the irreducible representation
listed in Table 1. In non-SUSY case, each fermion, scalar and vector fields contribute l/3,
l/6, and 11l/6, respectively.
For SUSY SO(10) models with three families, bgauge = 24 and bmatter = 2×3, therefore
b = −18 + bHiggs. For the non-SUSY case, bgauge = 88/3 and bmatter = 4/3 × 3. Then,
b = −18 + bHiggs for the SUSY case, while b = −76/3 + bHiggs for the non-SUSY case.
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If we take the constraint and allows the coupling constant to blow up at µ = Λ, namely
1/αG(Λ) = 0, we obtain
(
l
2
)
Higgs
≤


18 +
2π
ln( Λ
MG
)
×
1
αG(MG)
for SUSY case ,
76 +
6π
ln( Λ
MG
)
×
1
αG(MG)
for non-SUSY case.
(6)
In the RG analysis for the SUSY case, one typically finds 1/αG(MG) ≃ 24 atMG = 2×10
16
GeV. Therefore,
(
l
2
)
Higgs
≤ 49, if one uses the reduced Planck massMP ≃ 2.4×10
18 GeV
for the scale Λ. This constraint excludes the introduction of 126 and higher dimensional
Higgs fields [16]. On the other hand, for non-SUSY SO(10) models, the lower bound on(
l
2
)
Higgs
is much larger than that of the SUSY case, and there is no severe restriction for
Higgs multiplets to be introduced. Thus, we may consider the non-SUSY version of Eq. (2)
while keeping the GUT gauge coupling in the perturbative regime up to MP . However, in
the non-SUSY case, there is another way to introduce the right-handed neutrino masses
without 126-dimensional Higgs field at the tree-level, as it was proposed by Witten [13].
In the following, we focus on this possibility, where the right-handed neutrino masses are
loop-induced, and hence the seesaw scale appears at much lower scale than that in usual
SO(10) models.
3.1 Loop-induced right-handed neutrino mass with single Yukawa
When an SO(10) model includes 126 Higgs field, a VEV of the (10, 1, 3) component
under G422 generates the Majorana mass for right-handed neutrinos (NR’s). However,
even without the 126 Higgs field, we can generate the Majorana mass when the model
includes a 16-plet Higgs field (H16), since a bilinear product of H16 can play a role of the
126 Higgs field. An effective operator relevant to this mass generation is given by
L ⊃
1
M
16i16jH
†
16H
†
16 (7)
where M is a mass scale. Although we cannot introduce such a higher dimensional term
by hand in our renormalizable model, it can be induced through quantum corrections at
the 2-loop level, as has been pointed out by Witten [13]. This is very interesting since
the loop corrections suppress the seesaw scale.
In the simplest model discussed in Ref. [13], the matter fermions couple directly only
to 10 Higgs like in Eq. (2) and the SO(10) gauge field of the 45 representation. The
4
Figure 1: The construction of the right-handed neutrino mass from 10 ⊗ 45 ⊗ 45 via
2-loop diagram. Shown in parenthesis are the SO(10) and the broken subgroup (SU(5)
or G422) representations, which are summarized in Table 2. Two blobs represent the
insertion of 〈H16〉 =MG. The crossed diagram should be added.
(a) (b) (c) (d) (e) (f) (g) (h)
SU(5) 1 5 10 5 10 10 1 5
G422 4,1,2 4,2,1 4,2,1 1,2,2 15,1,1 6,2,2 4,1,2 4,2,1
Table 2: Representations of particles in the 2-loop diagram under the SO(10) subgroups.
basic idea is that 126 representation is a 5th rank tensor which can be constructed by
10⊗45⊗45 with a vector 10 and a 2nd rank tensor 45. In fact, the NR mass is generated
by quantum corrections at the 2-loop level as shown in Fig. 1 [13], when H16 develops its
VEV to break the SO(10) group to its subgroup SU(5). Here, note that a triple scalar
coupling among the Higgs fields also plays a crucial role:
L ⊃ λ10MGH10H16H16, (8)
where we have parametrize the triple scalar coupling with MG and a dimensionless cou-
pling constant λ10. The resultant NR mass is estimated as [13]
MR =
(
mq
MW
)
ǫ10
(αG
π
)2
MG. (9)
Here, we have used a relation, Y10 ∼ mq/MW between the Yukawa coupling of H10 and an
up-type quark mass mq, and ǫ10 represents a mixing angle between H10 and H16 induced
by their coupling in Eq. (8) with a VEV of H16. Note that the MR scale is much lower
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than the usual seesaw scale of the model ∼ MG. In the present SO(10) model with only
one Yukawa coupling Y10, the Dirac neutrino mass matrix is the same as the up-type quark
mass matrix, and therefore the light neutrino mass due to the type I seesaw mechanism
(see the 2nd term in Eq. (4) in the right-handed side) is estimated as
mνL = mq
[
ǫ
(αG
π
)2]−1 MW
MG
. (10)
As in Ref. [13], we estimate mνL = 10
−7mq by using (αG/π)
2 = 10−5,MG = 10
15 GeV and
ǫ = 0.1. Clearly, the light neutrino mass spectrum predicted by this formula is unrealistic.
For example, the heaviest light neutrino mass is 10−7mt ∼ 20 keV, where mt = 173 GeV
is the top quark mass.
Let us here recall the situation in the minimal SO(10) GUT for the fitting of the
fermion mass matrices. In Eq. (4), the fermion mass matrices are expressed by two mass
matrices M10 and M126. A good relation of mτ ≈ mb at the GUT scale is satisfied when
M10 dominates over M126 in the 3rd generation, while such a relation is not suitable for
the mass relations between charged leptons and down-type quarks in the 1st and 2nd
generations. For the mass fitting for the leptons and quarks in 1st and 2nd generations,
a delicate tuning between M10 and M126 is crucial in the minimal SO(10) GUT. We may
expect a similar parameter tuning to reduce the too large mass eigenvalues for the light
neutrinos. For this purpose, we consider type II seesaw extension of the model. It is
useful to express the representations of the particles in the 2-loop diagram in terms of the
subgroup G422 as listed by the last row in Table 2. Note that if we replace the role of
SU(2)R into SU(2)L, the 2-loop diagram in Fig. 1 is a diagram to generate ML in Eq. (4)
with an SU(2)L doublet VEV (vEW ) in H16:
ML =
(
mq
MW
)
ǫ
(αG
π
)2 v 2EW
MG
. (11)
Then, we may expect a cancellation between the two terms in the right-hand side of
Eq. (4), to reduce the mass scale of Mν . Unfortunately, this cancellation cannot work,
because vEW is at most the the electroweak scale and the scale of ML is too small.
The too large mass scale of mνLi originates from the quark mass (mq) insertions in
Eqs. (9) and (10). This is natural in the SO(10) model since all fermions of the SM in each
generation are unified into a single 16 representation. We may consider a partial GUT
model, instead of the SO(10) group, where the Yukawa couplings of quarks and leptons
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are not unified and thus independent. A simple model based on a subgroup of SO(10) is a
Left-Right symmetric model with the gauge group G3221 = SU(3)C ⊗SU(2)L⊗SU(2)R⊗
U(1)B−L. If we can replace mq in Eqs. (9) and (10) into a charged lepton mass (mℓ), we
obtain
MR =
(
mℓ
MW
)
ǫ
(αG
π
)2
MG. (12)
and
mνL = mℓ
[
ǫ
(αG
π
)2]−1 MW
MG
. (13)
Now, in estimating the heaviest light neutrino mass, we use mτ = 1.78 GeV instead of
mt = 173 GeV and obtain mντ ∼ 100 eV. If we can choose MG = MP = 2.4× 10
18 GeV,
we obtain mντ = O(0.1 eV), and thus the situation is much improved. Since the light
neutrino mass spectrum is determined by the charged lepton masses, we find
∆m2
23
∆m212
=
(
mτ
mµ
)2
≃ 283. (14)
This should be compared with the experimental value, ∆m2
23
/∆m2
12
≃ 32 for ∆m2
12
=
7.6×10−5 eV2 and ∆m2
23
= 2.4×10−3 eV2 [17]. The predicted ratio is not perfect but not
very bad. However, the 2-loop diagram in Fig. 1 cannot be constructed in the Left-Right
symmetric model. We can see this fact from Table 2. While the 2-loop diagram includes
the gauge boson in (6, 2, 2) representation of the subgroup G422 (see the column (f)), it is
not included in the Left-Right symmetric model.
3.2 Introduction to 120-dimensional Higgs field
In the previous subsection, we have shown that the light neutrino mass matrix from type
I seesaw with the 2-loop induced MR is unrealistic. This is because of the quark mass
mq insertions in Eqs. (9) and (10), which originate from the single Yukawa coupling Y10.
A simple way to ameliorate the problem is to add one more Yukawa coupling. Note that
this is, in fact, necessary not only for a realistic neutrino mass matrix, but also realistic
charged fermion mass matrices. Recall from Eq. (4) that the mass matrix relation with
only M10 is clearly unrealistic since Mu ∝ Md = Me. The nice feature of the minimal
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SO(10) model is that this bad mass matrix relation is corrected by introducing the 126
Higgs field. For a minimal setup alternative to the minimal SO(10) model, we introduce
120-dimensional Higgs field. Although the 120 Higgs field includes two SU(2)L Higgs
doublets like the 126 Higgs field, it does not involve (10, 3, 1) ⊕ (10, 1, 3) under the
subgroup G422. Hence, the Majorana neutrino mass matrices are not generated at the
tree-level.
With the 120 Higgs field, the Yukawa interactions are given by
LY = Y
ij
10
16i10H16j + Y
ij
120
16i120H16j . (15)
With VEVs of four Higgs doublets (two in 10H and the other two in 120H), the fermion
mass matrices at MG are described as
Mu = c10M10 + c120M120, Md = M10 +M120,
MD = c10M10 − 3c120M120, Me =M10 − 3M120, (16)
where c10 are c120 are complex numbers. This mass matrix relation is similar to that in
the minimal SO(10) model. It has been shown in Ref. [6] (see also Ref. [16]) that the
system with {10⊕ 120} Higgs fields can reproduce the realistic charged fermion mass
matrices.
One may thank that the 120 Higgs field also contributes to MR through quantum
corrections at the 2-loop level. Similarly to the 10 Higgs case, we may introduce a triple
scalar coupling
L ⊃ λ120MGH120H16H16. (17)
However, since H120 is an antisymmetric tensor, this term is vanishing. Thus, there is no
new contribution to MR from H120. As in Eq. (11), a new contribution to ML with the
120 Higgs is generated, but we neglect it since it is extremely small. It may be useful to
express Eq. (9) in terms of M10 as
MR = c
10
RM10, (18)
where the coefficient is given by
c10R ∼ ǫ10
(αG
π
)2 MG
MW
. (19)
The crucial difference from the single Yukawa case in the previous subsection is that MD
is a linear combination of M10 and M120. If a cancellation between c10M10 and 3c120M120
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occurs, the scale of MD becomes lower than the single Yukawa case. As a result, there
is a possibility to circumvent the pathology in the single Yukawa case and the resultant
mass scale of light neutrino mass matrix can be of order 0.1 eV.
4 Conclusions
We have considered a non-SUSY renormalizable SO(10) GUT without 126 Higgs field,
where the right-handed Majorana neutrino mass is induced at the 2-loop level. The case
with a single Yukawa coupling Y10, which is originally discussed by Witten in Ref. [13],
is in any case unrealistic in terms of not only the light neutrino mass matrix but also
the charged fermion mass matrices. In order to solve this problem, we have extended the
Higgs sector by adding one 120 Higgs field. Such an extension is crucial to reproduce
the realistic charged fermion mass matrices. At the same time, the 120 Higgs field opens
up a possibility to achieve the realistic light neutrino mass matrix after type I seesaw
with a possible cancellation between c10M10 and 3c120M120. Our model with the 10+120
Higgs fields inherits the advantageous points of the conventional minimal SO(10) model
with 10 + 126 Higgs fields, while supplemented with a low scale seesaw due to the 2-
loop induced right-handed Majorana neutrino mass matrix. Since our model involves
only 2 Higgs fields for the Yukawa couplings just like the minimal SO(10) model, our
model is also the minimal model alternative to the conventional one. In order to show a
phenomenological viability of the model, the detailed fitting for the fermion mass matrices
with up-to-date experimental data is necessary, which will be addressed in the future work
[18].
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